Caenorhabditis elegans (C. elegans), which shares a considerable amount of characteristics with human genes is one of the important model organisms for the study of behavioral responses. Thermotaxis is a representative behavior response of C. elegans; C. elegans stores the cultivation temperature in thermosensory neurons and moves to the cultivation temperature region in a temperature variation. In this study, we developed a microfluidic system for effective thermotaxis analysis of C. elegans. The microfluidic channel was fabricated using polydimethylsiloxane (PDMS) by soft lithography process. The temperature gradient (15 -20 C) was generated in the microchannel and controlled by Peltier modules attached to the bottom of the channel. The thermotaxis of wild type (N2), tax-4(p678) and ttx-7(nj50) mutants were effectively analyzed using this microfluidic system. We believe that this system can be employed as a basic platform for studying the neural circuit of C. elegans responding to external stimuli.
Introduction
C. elegans was the first multicellular organism to have all its genomes revealed. 1 In particular, C. elegans has genome counterparts with humans, including up to 80% of the neuronal circuit, so C. elegans has been used as a model organism for specific human gene research. C. elegans also has a simple nervous system consisting of 302 neurons 2 and the network of neurons produces a response to external stimuli. 3 C. elegans shows specific behavior responses to various external physical and chemical stimuli. [4] [5] [6] [7] For example, C. elegans stores the information of its cultivation temperature in the thermosensory neurons and moves toward the cultivation temperature when it is exposed to a temperature gradient; this behavioral response is so called "thermotaxis." In addition, C. elegans tends to avoid temperatures that would place it in a survival-threatening situation. 8, 9 A series of processes to detect the temperature in those specific situations and store it in the simple nervous system was the basis for discovering the neural circuits of experience-based stimuli-responses. 10, 11 Previous studies on thermotaxis have been performed mainly on culture media with temperature gradients. 11 Various thermotaxis studies have been performed with a gentle temperature gradient (~0.5 C/cm) [12] [13] [14] [15] [16] and also with more steeper gradients over 1 C/cm. 17, 18 The steepness of the temperature gradient is an important factor for the thermotaxis of C. elegans. 19 When the temperature gradient is over 1 C/cm, the worms with low cultivation temperature show normal thermotaxis. On the contrary, the worms with high cultivation temperature show an athermotactic response.
So, both the steepness of the temperature gradient and cultivation temperature have to be chosen carefully for the experimental setting. Thermotaxis analysis on these agar plates guarantees the natural behavior of the worms. However, it is difficult to effectively analyze the behavior characteristics in a short time because the broad plate area requires additional analysis tools, such as tracking software. Recent research on thermotaxis have introduced microfluidic systems, because the microfluidic system can be designed in a user-friendly manner and this system can easily manipulate C. elegans and external stimuli. Thus microfluidic systems are used as a platform for various studies with C. elegans. [20] [21] [22] [23] [24] [25] [26] [27] [28] McCormick et al. demonstrated a microfluidic device for analysis of C. elegans orientation. 29 They designed the device in order to immobilize C. elegans and only allow the movement of the head of C. elegans. The worm was immobilized at the center of the device, the two different water streams were flowed through the left and right channels and the orientation of the worm head was observed. However, most of the previous studies only tracked the movement of C. elegans or confirmed their distribution in a relatively large area. Also, the contact area with the atmosphere was relatively wide, so this condition may greatly affect the temperature gradient. Moreover, the time required for the entire analysis is an average of 1 h, which made it difficult to perform an immediate analysis.
In this study, we developed a simple microfluidic system for analyzing the thermotaxis of C. elegans with a linear microchannel and Peltier modules.
In this system, a microchannel was fabricated with PDMS, which is a transparent material, to facilitate observation through a microscope. Peltier modules were attached to the bottom of the microchannel to generate a temperature gradient. A steep temperature gradient (5 C/cm) was stably generated in the M9 buffer filledmicrochannel. The steep temperature gradient can promote the rapid response of thermotaxis. 30 With this system, we can perform the thermotaxis analysis of wild-type worms and mutant worms in a steep temperature gradient for a relatively fast analysis time of 10 min. The differences in behavioral responses of wild type and mutant worms are sufficiently distinguished without any special analysis technique in a relatively short analysis time.
Experimental

Preparation of synchronized C. elegans
The wild type and tax-4(p678), ttx-7(nj50) mutant strains were selected as targets for thermotaxis analysis. In previous studies, two mutants, tax-4(p678) and ttx-7(nj50), were reported to represent abnormal thermotaxis. 31, 32 Briefly, tax-4(p678) is defective in the tax-4 gene that encodes a cyclic nucleotidegated channel. This channel plays a major role in AFD, the main neuron for thermotaxis. As a result, the tax-4(p678) moves randomly in a temperature gradient. 31 Meanwhile, the ttx-7(nj50) mutant is a myo-inositol monophosphatase (IMPase)-defective mutant, so this strain cannot synthesize the inositol. Since the inositol is an essential molecule in the RIA neuron, the interneuron that plays a major role in thermotaxis, the ttx-7(nj50) mutant also represents random movements in a temperature gradient. 32 Thus, these two mutants were selected to compare with wild-type worms, to demonstrate the functionality of our platform.
All mutants were obtained from the CGC (Caenorhabditis Genetics Center, University of Minnesota). C. elegans were cultured at 15 and 20 C, respectively using NGM media with E. coli OP50 as food source. In all experiments, M9 buffer was used to collect the worms. C. elegans used in the experiments were synchronized as adult stage through the egg prep. Egg prep was performed by following the protocol using hypochlorous acid. The wellcultured medium was washed with M9 buffer three days after seeding. All worms and eggs were collected in a falcon tube, and bleach containing hypochlorous acid was added to dissolve all the worms except eggs. The remaining eggs were washed off again with M9 buffer at least twice and placed in either a 15 or 20 C incubator for one day. The L1 larvae that were hatched in the M9 buffer stopped growing at that stage because of the absence of food. This M9 buffer including L1 larvae was poured on fresh NGM media coated with E. coli. When C. elegans were cultured at 15 and 20 C continuously, all the worms grew to the same stage and after about three days, the culture media containing only the adult worms was obtained. These synchronized adult worms were collected with M9 buffer and injected into the microfluidic channel.
Device fabrication
The mold, which includes the microchannel for thermotaxis analysis, was fabricated by the photolithography process using SU-8 2050 (MicroChem Corp., USA). We poured a 10:1 weight ratio mixture of PDMS elastomer and curing agent (SYLGARD ® 184 silicone elastomer KIT, Dow Corning, USA) onto the mold. Next, bubbles inside the mixture were removed by pump and the mixture was cured at 70 C for 2 h to get PDMS replica. After curing, PDMS replica was peeled off from the mold, and the inlet and outlet were punched with a micro puncher (diameter = 1 mm). The punched PDMS replica and slide glass were treated with plasma (CUTO-100LF, Femto Science, Korea) and bonded with each other. For strong bonding, this microfluidic device was baked overnight in an oven at 70 C. The channel was 1 cm long with width and height of 600 and 200 μm respectively. These dimensions were selected to ensure free movement of worms in a microchannel without tangling. We fabricated the reservoir using a 5-mL syringe (KV-S05 disposable syringe, Korea Vaccine, Korea). The 5 mL syringes were cut by laser engraving machine (SME-3042, SME, Korea), and blunt ended needles (diameter = 1 mm) were fixed on the front of the syringe. The diameter of the inlet and outlet was the same as the needle, and we put the reservoir at the inlet and outlet. After the setting of syringe reservoir, we added about 1 mL of M9 buffer and the fluid level was adjusted to be the same to prevent the pressure driven bulk flow in the channel, which can affect the movement of the worms.
Temperature gradient generation
Peltier modules (Laird Technologies, USA, W = 12 × D = 12 × H = 3.6 mm) were used for generating a temperature gradient in the microchannel. Briefly, two Peltier modules were attached to the bottom of both ends of the microchannel and worked as a heater and a cooler, respectively (Fig. 1A) . Metal plates were placed under each Peltier module to prevent thermal saturation. Peltier modules were operated with 5 V power and the temperature of the cooler and heater parts were maintained at 15 and 20 C, respectively (Fig. 1A) . The temperature was measured using thermocouples (K-type, Fluke Corp., USA) Fig. 1 (A) Schematics of the microfluidic device and the Peltier module, which generates the linear temperature in a microchannel. The channel is divided into four parts and the length of each part is 2.5 mm. Peltier modules are attached to both ends of the channel and the left side module is set at 15 C and the right side module is set at 20 C. As a result, a temperature gradient is generated in the channel. Each part has a different temperature range. (B) Entire thermotaxis analysis setup.
while the temperature gradient was confirmed using thermochromic pigment (setting temperature 20 C, blue color, CMTECH, Korea). At lower temperatures below 20 C, thermochromic pigment shows a blue color that gets darker with decreasing temperature. The pigment was coated on the bottom side of the channel consisting of slide glass (Fig. S1) . As a result, the media solution in the microchannel achieved a steady temperature gradient within 5 min.
Thermotaxis assay
Next, 10 -20 worms were introduced to the microchannel for analyses. Experiments for each strain were performed at least 10 times. In order to analyze the thermotaxis of each strain in the channel, the channel was divided into four zones with the same length (2.5 mm) (Fig. 1A) and we analyzed the ratio of worms in each zone with an inverted microscope (Eclipse Ti-U, Nikon, Japan) (Fig. 1B) .
Results and Discussion
Swimming velocity and bending frequency analysis
First, we analyzed the swimming velocity and bending frequency of C. elegans. The swimming velocity was obtained by measuring the time it took the worm to cross the channel from inlet to outlet and bending frequency was measured by counting the number of body bending moves in a second using live video clips acquired by camera (DS-Qi1, Nikon, Japan) attached to the microscope. These variables of wild type and mutant worms were compared at room temperature (Fig. 2) . For the bending frequency, the three strains showed an average value of 1.7/s without a significant difference (p >0.05). While, the swimming velocities of the three strains showed a slight difference, but had no effect (p >0.05). As a result, bending frequency and swimming velocity of the three strains were found to be statistically the same in room temperature.
Determination of cultivation temperature for steep temperature gradient
The cultivation temperature is one of the important factors for thermotaxis of C. elegans. Before the thermotaxis assay in the microfluidic system, we tested the wild-type worms with two different cultivation temperatures in order to determine the cultivation temperature. The worms were divided into two groups and cultured at 15 C (low temperature) and 20 C (high temperature), respectively. The growth rate of worms is based on the cultivation temperature, and the growth rate is usually slower at low temperatures as compared to high temperatures. 33 After the egg prep, the worms were cultured for two days at 20 C or three days at 15 C until they matured to the adult stage (body length ~1 mm). When the steep temperature gradient was generated in the microfluidic channel, the two groups showed different responses. The high temperature group showed no response to the temperature gradient (Fig. 3A) . On the contrary, the low temperature group detected the temperature gradient and accumulated at the region of their cultivation temperature (Fig. 3B) . The results are consistent with a previous study and demonstrate that the thermotaxis in a steep temperature gradient (>1 C/cm) is dependent on the cultivation temperature. As a result, the lower cultivation temperature (15 C) was chosen for thermotaxis assay in the microfluidic system. Figure 4 shows the distribution of wild-type, tax-4(p678), and ttx-7(nj50) worms in the microchannel with a temperature gradient. Without a temperature gradient, all three strains were randomly and evenly distributed in the channel. However, 10 min after the temperature gradient, the wild type worms moved to the left side of the channel, which was close to the cultivation temperature of 15 C (Fig. 4A) . However, the tax-4(p678) worms were still distributed evenly in the channel (Fig. 4B ) and this showed that the tax-4(p678) worms do not have a specific temperature preference such as cryophilic or thermophilic. 31 Interestingly, the ttx-7(nj50) worms were located on the right side of the channel close to 20 C (opposite to the cultivation temperature) (Fig. 4C) , so the ttx-7(nj50) worms showed a thermophilic reaction. However, in the previous study, ttx-7(nj50) mutants also showed an abnormal thermotaxis rather than a specific temperature like tax-4(p678) mutants. The ttx-7(nj50) worms were cultured at 17, 20, and 25 C, and they were exposed to a radial temperature gradient on an agar plate. The temperature at the center of the plate was 17 C and the temperature at the edge was 25 C (temperature gradient <5 C/cm). The ttx-7(nj50) worms showed random distribution in the temperature gradient regardless of the cultivation temperature. 32 According to this result, the ttx-7(nj50) should be distributed evenly in the channel, but ttx-7(nj50) showed a thermophilic response in this study. The main differences in this study are the relatively steeper temperature gradients and the microscale platform. It is possible that a steeper temperature gradient has an effect on the behavior of ttx-7(nj50) worms, leading to a thermophilic response. To quantify the thermotaxis of worms, we used a ratio of the number of worms in each zone to the total number of worms present in the channel. The ratio of wild-type worms in zone A increases with time (Fig. 5A) , which shows the normal thermotaxis of worms. The zone A and D values of N2 worms at 10 min had a statistically significant difference (p <0.001). More than half of the worms remained in zone A (zone A ratio >0.5) at 10 min. The ratio of tax-4(p678) worms converged to almost the same values over time in the entire channel (Fig. 5B) , which was not affected by temperature. As mentioned above, this result supported the belief that tax-4(p678) mutants were not affected by temperature and moved randomly in the temperature gradient. The zone A and D values of tax-4(p678) worms at 10 min had no statistically significant difference. Finally, the ratio of ttx-7(nj50) worms had a maximum value at zone D (Fig. 5C) , which shows the thermophilic behavior of ttx-7(nj50) worms. Also, the zone A and D values of ttx-7(nj50) worms at 10 min had a statistically significant difference (p <0.05). Furthermore, we compared the ratio of worms in zone A and D for three strains at 10 min. In zone A, the ratio of N2 worms is the maximum, so this value is set as a basis for the t-test. As a result, the difference between each strain was statistically significant (Fig. 5D) . In zone D, the basis for the t-test is the ratio value of ttx-7(nj50) (the maximum) and the distribution of worms for each strain was statistically significant (Fig. 5D ).
Thermotaxis assay in a temperature gradient
Index analysis
In addition, we employed a thermotaxis index to practically identify the distribution of each strain in the temperature gradient. The index is defined as follows: tax-4(p678) mutant worms were also randomly distributed at 0 min. After 10 min, they remained randomly distributed in the channel. (C) ttx-7(nj50) mutant worms were randomly distributed at 0 min, and after 10 min, they moved to the 20 C, zone D. Figure 6 shows the result of index analysis at 10 min after the generation of a temperature gradient. The index value of wildtype worms is 1.27 and higher than the value of other mutants because most of the wild-type worms were gathered in zone A. However, the index value of tax-4(p678) mutants is close to 0, which means that this mutant does not respond to a temperature gradient and represents significant athermotactic behavior. The ttx-7(nj50) mutants showed a relatively thermophilic reaction, which is a behavior confirmed by the index value of -1.24. Thus, it was possible to quantitatively compare the different thermotaxis behavior of three strains in a temperature gradient with index analysis.
Conclusions
In this study, we developed a microfluidic system that can efficiently analyze the thermotaxis of C. elegans. The system was fabricated with PDMS using a soft-lithography process for real time analysis of C. elegans movement with a microscope. Thermotaxis of C. elegans can be stably identified using this system, even though the temperature gradient was relatively steep (5 C/cm). The thermotaxis of the different strains (N2, tax-4(p678), and ttx-7(nj50)) can be clearly identified within a relatively fast analysis time (10 min). Wild-type worms preferred the cultivation temperature (15 C), tax-4(p678) worms were randomly distributed in the temperature gradient without favoring a specific temperature, and ttx-7(nj50) worms showed a thermophilic response indicated by a preference for a higher temperature than the cultivation temperature. Peltier modules were employed for generating a temperature gradient and these modules can be used to rapidly and steadily change the temperature by adjusting the applied current. Therefore, this system can provide a useful platform for various thermotaxis analysis and for the comparison of temperature-dominated reactions at various temperature gradients, simultaneously. In conclusion, the developed platform in this study is expected to be applied as a basic platform for analyzing the response of a C. elegans to complex stimuli including physical and chemical stimuli. 6 Index analysis of the three strains in a temperature gradient (at 10 min after the temperature gradient is generated). The index of wild-type worms is positive value (thermostatic behavior) but the indices of mutant worms are negative values (ttx-7; thermophilic, tax-4; athermotactic behavior).
